Purpose The 3+3 design has been shown to be less likely to achieve the objectives of phase I dose-finding trials when compared with more advanced model-based designs. One major criticism of the 3+3 design is that it is based on simple rules, does not depend on statistical models for inference, and leads to unsafe and unreliable operating characteristics. On the other hand, being rule-based allows 3+3 to be easily understood and implemented in practice, making it the first choice among clinicians. Is it possible to have a rule-based design with great performance?
INTRODUCTION

Background
Phase I dose-finding trials represent the first stage of testing a new drug or new therapy in humans and are crucial in clinical drug development as they provide dose recommendation for later phase clinical trials. The primary goal of phase I trials is to assess dose limiting toxicities (DLT) and find the maximum tolerated dose (MTD) while maintaining patient safety. Statistical designs for phase I dose-finding trials can be generally divided into two classes: rule-based methods and model-based methods.
The most widely used 3+3 design (1) is an example of rule-based methods, in which dose escalation and de-escalation decisions are based on a set of prespecified rules. It is by far the most popular method in practice due to its simplicity. Clinicians and drug developers only need to follow a set of rules (2) to design and conduct the dosefinding trials without needing to understand statistical models or run computer programs. The other class of designs uses parametric or nonparametric statistical models to describe the underlying mechanism of observed dose-toxicity relationship.
Statistical inference based on the models leads to desirable decisions for dose allocation, typically optimized according to a certain criterion. The continuous reassessment method (CRM) by O' Quigley et al. (3) is an example of model-based designs. In practice, the CRM design often requires expertise in statistical modeling and the ability to execute computer programs for real-trial applications.
In addition to the classical model-based designs like CRM, there is an increasing interest in a type of model-based designs, called interval-based designs that demonstrate comparable operating characteristics to the classical model-based designs but with simpler implementation like the rule-based designs. Some notable examples include the mTPI (4) and mTPI-2 designs (5), the cumulative cohort design (CCD) (6) and the Bayesian optimal interval design (BOIN) (7) . One important advantage of these designs is that the decisions of dose allocation can be pretabulated in advance, making the decision process transparent and intuitive to clinicians. However, they all rely on underlying models and inference that require expertise in statistics and mathematics.
will be assigned. The decision of the mTPI design is "S", to stay and enroll more patients at the current dose. The decision "S" can be deemed too aggressive since the observed toxicity rate is 3/6= 0.5, which is higher than the target rate = 0.3. In practice, the decision "D", to de-escalate the dose level is considered to be safer and more desirable. Through personal communication, this type of argument has been raised by IRB review committees and regulatory agencies. However, a question one may ask is that why a mathematically optimal decision rule in mTPI produces the decision "S" that is perceived too risky in practice? The most obvious answer would be that the observed toxicity rate 3/6=0.5 is higher than the target rate 0.3. An observed toxicity rate higher than the MTD target rate raises safety concern of the dose, and therefore the decision "S", which allows more patients to be treated at the same dose, may be considered too risky in practice.
However, this may not be the only reason. Let us consider another example. The same decision "S" is used by the 3+3 design if 1 out of 3 patients experiences DLT at a dose. The 3+3 design defines the MTD as the highest dose with no more than 1 out of 6 patients experiencing DLT. In other words, the target toxicity rate of the 3+3 design is about 1/6. When 1 out of 3 patients experiences DLT, the observed toxicity rate is 1/3, which is higher than 1/6, and yet the decision "S" under the 3+3 design is widely accepted in practice. So why is decision "S" acceptable when 1 out of 3 patients experiences DLT with a target rate 1/6 but not acceptable when 3 out of 6 patients have DLTs with a target rate 0.3?
The answer lies in the difference of the sample sizes (and associated data variabilities) of the observed data, 6 patients versus 3 patients, between the two examples. Consider the 3+3 case where "S" is acceptable when 1 out of 3 patients has DLT and the target rate is 1/6. Even though the observed toxicity rate 1/3 is twice higher than the target rate 1/6, there is only 3 patients worth of information, which does not sufficiently distinguish 1/3 from 1/6. For example, with 1 fewer DLT, the observed rate would be 0/3, way below 1/6. In contrast, in the second case where 3 out of 6 patients have DLT and the target rate is 0.3, not only is the empirical rate 3/6 higher than the target rate, but even if 1 fewer patient were to have DLT, the observed rate would be 2/6 which would still be higher than 0.3. Therefore, the observed rate 3/6 in the second case is more informative than the observed rate 1/3 in the first case, despite both observed rates being higher than the target rates. As a result, the decision "S" is considered not acceptable in the case of 6 patients but acceptable in the case of 3 patients.
Motivated by this reasoning, we propose a new rule-based design, the i3+3 design in which the letter "i" stands for "interval". The main innovation of i3+3 is to add an additional criterion into the 3+3 like rules so that data variability is accounted for. The new criterion considers the gap between two possible data points and its relative magnitude to the EI.
The PROPOSED i3+3 DESIGN
2.1.Dose-finding algorithm
Suppose a set of = 1, … ascending doses is tested in a trial. Assume the target toxicity rate for the MTD (e.g., = 0.3) and the EI (e.g., EI = [0.25, 0.35]), have been specified and fixed for the trial. Suppose dose is the dose currently used to treat patients, is the number of patients who have been treated at dose , and is the number of patients who have experienced DLTs at dose . Assume patients are enrolled and assigned to doses in cohorts. That is, the next cohort of patients may not be enrolled until toxicity outcomes from the previous cohorts of enrolled patients have been fully observed. Given the observed data, the i3+3 design identifies an appropriate dose for the next cohort of patients. We propose a set of rules in Table 1 that fulfills the task. Specifically, these rules compare two quantities, and In words, the i3+3 design can be summarized as follows: at the current dose d, calculate two quantities and −1 .
Following the mTPI and mTPI-2 designs, we add two additional rules as ethical constraints to avoid excessive toxicity:
• Safety rule 1 (early termination): Suppose that dose 1 has been used to treat patients. If ( 1 > | 1 , 1 )>ξ for = 0.95, terminate the trial due to excessive toxicity.
• Safety rule 2 (dose exclusion): Suppose that the decision is to escalate from dose to ( + 1). If ( +1 > | , )>ξ for = 0.95, then treat the next cohort of patients at dose instead of ( + 1), and dose ( + 1) and higher doses will be removed from the trial. These doses will be marked as "DU" to indicate that they are Unacceptable to use in the trial anymore.
Under the i3+3 design, a trial is terminated either when a prespecified sample size is
• If is below the EI, escalate ("E") and enroll patients at the next higher dose ( + 1);
o else, if is inside the EI, stay ("S") and continue to enroll patients at the current dose ;
▪ else, if is above the EI, there are two scenarios:
is below the EI, stay ("S") and continue to enroll patients at the current dose , 2) else, de-escalate ("D") and enroll patients at the next lower dose ( − 1).
i3+3 Dose Finding reached or according to Safety rule 1.
Examples and Software
In We also include the decisions of mTPI and mTPI-2, two interval-based designs for comparison. In either case, the three designs agree in all decisions except for one. In case 1, the i3+3 decision for = 3 is "D", to de-escalate to dose ( − 1). With the same setting, the mTPI decision is "S", to continue treating at dose d. This decision is considered too aggressive in practice according to our previous discussion. In case 2, the i3+3 decision for = 1 is "S", to continue treating at dose d which coincides with the 3+3 design. However, the mTPI-2 decision is "D", to de-escalate to dose ( − 1), which may not be preferred by physicians who side with the 3+3 design. In both cases, the i3+3 design seems to make the "humanly desirable" decisions as opposed to the model-based designs like mTPI and mTPI-2.
In addition, based on the proposed i3+3 algorithm in Table 1 , we can easily generate decisions for any number of patients, not just restricted to 3 or 6. We provide an R Shiny tool freely available at https://i3design.shinyapps.io/i3plus3/ that generates decision tables based on the i3+3 design for any and EI values. See Figure 1 This table makes the i3+3 decisions transparent to the investigators prior to trial start and can be used to guide all the dose assignment decisions throughout the trial. Alternatively, investigators can memorize and follow the simple rules in Table 1 to guide dose assignments in the trial, which only requires comparing and −1 to the EI. The i3+3 is sufficiently simple and intuitive for this alternative choice.
In addition, the R Shiny tool conducts simulation based on the i3+3 design and allows investigators to examine the operating characteristics of the design, which will be discussed next.
Estimation of MTD
When a trial is terminated, the MTD selection under the i3+3 design follows the same procedure as in the mTPI and mTPI-2 designs. See Appendix A for details.
OPERATING CHARACTERISTICS OF THE i3+DESIGN
Simulation Setup
Via repeated simulation trials, we assess and compare the operating characteristics of the i3+3 design. For comparison, we also include the 3+3, mTPI, mTPI2, BOIN, CRM and the Bayesian Logistic Regression Model (BLRM) (8) designs in the simulation. Simulated trials are generated based on scenarios that specify the true toxicity rate of each dose. We slightly modified the three sets of 14 scenarios in (9) that assume six doses for a trial and three different target values of 0. 
Simulation Results
We characterize the true MTDs as any doses with toxicity probabilities inside the EI.
If no doses satisfy the criterion, the true MTD is the highest dose among those with true toxicity probabilities < . If no MTD could be identified based on the two criteria, then the particular scenario does not have a true MTD, which means the decision of selecting any dose as the MTD would be wrong.
To assess the performance of a dose-finding design, we consider the following criteria:
1. Reliability or the percentage of correct selection (PCS), defined as the percentage of the trials that the MTD is correctly selected. When all the dose levels are above the MTD, PCS is defined as the percentage of early termination of trials.
2. Safety, defined as the average percentage of the patients treated at or below the true MTDs across the simulated trials.
A desirable dose-finding design should demonstrate good balance between patient safety and ability to identify the true MTD. Additional results such as the percentage of trials concluding a dose above the true MTD or percentage of stopping a trial before reaching maximum sample size are given in Appendix C.
To summarize the simulation results, we take pair-wise differences between the i3+3 design and another design under comparison in their safety and reliability values for the same scenario, and display the results through the boxplots in Figure 2 . A positive value means the design under comparison is safer or more reliable than the i3+3 design. As can be seen, BLRM with EWOC=0.5 is a safer but ultra-conservative design than i3+3. This has also been observed in the recent work (10 
Sensitivity Analysis of the EI and Cohort Size
The i3+3 design requires the investigators to specify and EI. Our simulation studies have examined the performance of i3+3 with different values. We now assess the performance of the i3+3 design when the length of EI is varied. In addition, we change the cohort size from 3 to different values since the i3+3 design can be applied to any cohort size values despite the name. Table 3 presents the results of the sensitivity analysis.
Sensitivity to different EI
Specifically, we select a sequence of equal-spaced values of 1 , 2 so that the resulting symmetric EIs range from ( ± 0 * ) to ( ± 0.2 * ). For each EI value and each of the 14 scenarios with the same pT, we simulated 1,000 trials with a cohort size of 3 and total sample size of 30. reliability (the probability of identifying the true MTD) tend to increase with the length of EI. The percent toxicity is rarely affected by changing the length of EIs. This is reasonable and a discussion will be provided next.
Sensitivity to different cohort size We fix = 0.3 and EI = [0.25, 0.35], and conduct simulations using i3+3 with cohort sizes of 2,3,4,5 or a random cohort size within a trial. The random value is generated from {2,3,4,5} with equal probability and applied to each step of the decision making within a trial. For each cohort size, 1,000 simulated trials are performed. The results are shown in Table 3 (b). The performance of the i3+3 design is robust to different cohort sizes.
DISCUSSION
The i3+3 design is a simple and intuitive rule-based design demonstrating superior performance than the 3+3 design and similar operating characteristics with the modelbased designs. The i3+3 design is versatile since it can accommodate different target values and different cohort sizes. Being a rule-based approach, the i3+3 design can be attractive to clinicians who are used to rule-based designs like 3+3. Other than the slightly different decision tables (Figure 1 in Appendix D), the i3+3, mTPI, and mTPI-2 designs use the same safety rules and same inference to select the MTD. Because the mTPI and mTPI-2 designs have been well established in the literature with desirable performance (4,5,10,11), we decide not to conduct more and larger simulations, such as a simulation study with 1,000 random scenarios (12) , to further evaluate the operating characteristics of the i3+3 design. The i3+3 design is expected to perform at a similar level as the mTPI and mTPI-2 designs due to its similar but slightly improved decision table, which puts i3+3 in par with other major model-based designs.
It is interesting that a rule-based design like i3+3 can achieve similar performance as model-based designs. This seems to defy the common statistical belief that modelbased inference is superior than rule-based inference. We believe the model-based inference is still superior in general. However, in the special case of phase I dose-finding trials, due to the ethical constraints to maintain a strict safety control for dosing decisions, model-based inference is heavily restricted by safety rules such as the escalation with over dose control (EWOC, 13) for CRM, the aforementioned Safety rules 1&2 for mTPI, mTPI-2, and BOIN. Bounded by theses practical rules, we believe model-based inference can be approximated by rule-based inference. That is, in phase I dose finding, we have
In addition, the reason i3+3 performs well is partly due to the use of two values and −1 in the decision rules (see Table 1 ), instead of just one value as seen in the 3+3 design. Let us define the difference ( − −1 ) = 1 the minimum rate difference (MRD) which measures the smallest difference in the observed toxicity rates based on n patients. As n becomes larger, the MRD becomes smaller, and the variability in the data is smaller. The i3+3 design smartly compares MRD with the length of the EI in order to select between two decisions, de-escalate or stay. It chooses to stay instead of de-escalate when the observed toxicity rate is above the EI and −1 is below the EI. This is because the variability of the data is so large that two adjacent data points, and −1 , reside on either side of the EI, thereby unable to inform whether the true toxicity rate is near or inside the EI.
The i3+3 design only depend on the input of and EI. The target toxicity rate is found that the i3+3 design performs well with a wider EI. This is because a wider EI allows a wider range of doses to be considered as the MTD. However, the EI cannot be too wide to become clinically meaningless. For example, an EI of [0.1, 0.6] is not acceptable since it implies any doses with a toxicity rate between 0.1 and 0.6 can be considered as the MTD. We recommend that the EI is in the range of ( ± * ) for no more than 20% since a >20% deviation from the target value is usually considered excessive in practice.
Lastly, despite the name i3+3, the proposed design can be used with different cohort size other than 3 as demonstrated in the sensitivity analysis. We name the new design i3+3 to highlight the algorithmic nature of the method just like the 3+3 design. x: the number of patients with DLTs at the current dose. The target toxicity probability is assumed to be and the equivalence interval is denoted as [ − 1 , + 2 ]. A value is "below" the EI means that the value is smaller than ( − 1 ), the lower bound of the EI. A value is "inside" the EI means that the value is larger than or equal to ( − 1 ) but smaller than or equal to ( + 2 ). A value is "above" the EI mean that the value is larger than ( + 2 ). Table 2 : Two cases to illustrate the decisions of the i3+3 design in comparison to the mTPI and mTPI-2 designs. In case 1, the target toxicity probability is 0.3, the EI is [0.25, 0.35], and a total of 6 patients are treated at the current dose. In case 2, the target toxicity probability is 0.17, the EI is [0.12, 0.22], and a total of 3 patients are treated at the current dose. Highlighted are where i3+3 is different from mTPI or mTPI-2. Table 3 . The operating characteristics of the i3+3 design for varying length of EI (a) and cohort size (b). Safety is defined as the fraction of patients treated at or below the true MTD. Reliability is defined as the fraction of trials selecting the true MTD. %Toxicity is defined as the fraction of patients experiencing in all the simulated trials under each row. The subscripts are standard deviations of the mean values across all the scenarios. Each mean value is averaged across all the simulated trials for a given scenario. In (a), each row corresponds to a different combination of and EI, where EI is denoted by [ -1 , + 2 ]. We fix sample size at 30 and cohort size 3, and simulate 1,000 trials for each of the 42 scenarios in Appendix B. Each row corresponds to 14 scenarios with the same value. In (b), we set = 0.3 and EI= [0.25, 0.35], using the 14 scenarios in Appendix B. Each row corresponds to a different cohort size. Averaged values and the standard deviations of safety, reliability and percent toxicity are listed. *: Since the cohort size 4 is not a factor of the sample size 30, simulated trials with cohort size 4 use sample size 32, which leads to slightly enhanced performances than other cohort sizes; **: Random cohort size means randomly selecting the cohort size from the set {2,3,4,5} with replacement and equal probability. : each boxplot describes the differences of the safety values between design X and i3+3 averaged across 42 scenarios. A value greater than zero means design X puts more percentages of patients at the MTD or doses below the MTD than i3+3. Lower panel [Reliability]: each boxplot describes the differences of the reliability values between design X and i3+3 averaged across all 42 scenarios. A value greater than zero means design X is more likely to identify the true MTD than i3+3.
